The bacterial ligase Sortase A (SA) and its mutated variants have become increasingly popular over the last years for post-translational protein modifications due to their unparalleled specificity and efficiency. The aim of this work was to study SA as a cross-linking enzyme for hydrogel-based tissue engineering. For this, we optimized SA pentamutant production and purification from E. coli to achieve high yields and purity. Then using hyaluronan (HA) as a model biopolymer and modifying it with SA-substrate peptides, we studied the cross-linking kinetics obtained with SA, the enzyme stability, cytocompatibility, and immunogenicity, and compared those to state-of-the-art standards. The transglutaminase activated factor XIII (FXIIIa) was used as the reference cross-linking enzyme, and the clinical collagen scaffold Chondro-Gide (CG) was used as a reference biocompatible material for in vivo studies. We found SA could be produced in large amounts in the lab without special equipment, whereas the only viable source of FXIIIa is currently a prescription medicine purified from donated blood. SA was also remarkably more stable in solution than FXIIIa, and it could provide even much faster gelation, making it possible to achieve nearly-instantaneous gel formation upon delivery with a double-barrel syringe. This is an interesting improvement for in vivo work, to allow in situ gel formation in a wet environment, and could also be useful for applications like bioprinting where very fast gelation is needed. The cytocompatibility and lack of immunogenicity were still uncompromised. These results support the use of SA as a versatile enzymatic cross-linking strategy for 3D culture and tissue engineering applications.
Introduction
Hydrogels are widely used in the tissue engineering field for matrices supporting regeneration, as delivery vehicles for cells or pharmaceuticals, or for 3D culture applications. 3D cultures themselves have a range of applications from fundamental biology, e.g. trying to understand the interactions of cells with their matrix or studying the cell behavior in a more physiological environment, to practical uses such as drug screenings and creation of organs/tissues for transplantation [1] [2] [3] .
While some polymers rely on non-covalent interactions for gel formation (e.g. collagen, self-assembling peptides, alginate, agarose), in most cases a bond-forming chemical reaction is needed to cross-link the gels. The choice of the cross-linking scheme is critical to the properties of the gels, as it directly influences the gelling kinetics, the cytocompatibility, stability in storage, the adhesion to tissue, and the biocompatibility in vivo. Bond forming reactions based on reactive chemicals typically make use of strong nucleophiles or electrophiles (e.g. Michael addition of thiols on maleimides/vinylsulfones/acrylates, Schiff-base formation from amines/hydroxylamines/hydrazides and aldehydes) which can readily give side reactions with biological material (e.g. reaction with thiols or amines on proteins including on the cell surface [4] , thiol-disulfide exchange reactions [5] ). Another widespread chemistry for cross-linking is free-radical polymerization (e.g. Irgacure triggered photopolymerization of methacrylates, various implementations of thiol-ene addition), which is even less specific and can result in cell damage [6, 7] . More recently, copper-free click chemistry provided much more specific chemical reactions, but at the expanse of large hydrophobic chemical groups (e.g. substituted cyclooctynes) which may readily physically intercalate with proteins resulting in non-specific binding [8] [9] [10] [11] . All these common coupling methods with the advantages they can provide and some of their side-reactions and limitations have been reviewed recently [12] .
In this context, enzymatic bond-forming reactions have become popular because of their good kinetics combined with excellent specificity [13] . The specific substrates of known bond-forming enzymes are typically peptides inspired from their natural targets and produced by solid phase supported synthesis. The transglutaminase activated factor XIII (FXIIIa), which is part of the blood coagulation cascade as a fibrin clot stabilizer, has found particularly widespread use in the research community because of its commercial availability in clinical quality and reasonably large quantities (clinical product Fibrogammin from CSL Behring), good kinetics, good specificity, and excellent biocompatibility in a wealth of applications. As a result, many biological or engineered building blocks have been modified chemically to display the peptides needed for coupling with FXIIIa, which created a convenient toolbox for the tissue engineering community [14] [15] [16] [17] [18] [19] . In this cross-linking scheme, the polymers precursors are functionalized with peptides which are essentially inert from a chemical point of view, but which are recognized and ligated with an amide linkage in the presence of the enzyme. The most common strategy to conjugate the peptides to the molecules of interest (polymers or biomolecules) is to use peptides featuring a thiol group (on the side-chain of a cysteine residue, readily included during peptide synthesis) reacted on the receiving macromolecule featuring a Michael acceptor such as a vinylsulfone.
Even though FXIIIa shows excellent results as a cross-linking enzyme for hydrogel applications, a few things limit its applications. Firstly, FXIIIa is poorly stable in solution, which makes it essential to work with a freshly unfrozen aliquot or freshly resuspended powder, and any delay or freeze-thaw cycle is detrimental to reproducibility. Secondly, gelation speed reaches a plateau at FXIIIa concentrations higher than 20 U/ml, after which the speed increases only marginally when more enzyme is added. As a pre-scription medicine isolated from human blood, FXIIIa is also sometimes difficult for researchers to access, and it is in general ethically preferable to avoid resorting to material isolated from animals or human donors. Recombinant FXIIIa is also commercially available, however the price of these products is prohibitive, given quantities needed for bulk material science applications.
The bacterial ligase Sortase A (SA) has shown great promises in the field of drug-protein conjugation owing to its unparalleled kinetics and specificity [20] , which motivated this evaluation of its potential as a cross-linking enzyme in the tissue engineering field. It has also been used to post-modify hydrogels [21] , to dissolve hydrogels in mild conditions [22] , and its orthogonality to mushroom tyrosinase has been recently exploited to make hydrogels stiffening over time [23] . To further evaluate the suitability of SA for hydrogel cross-linking in tissue engineering applications, we studied enzyme production, enzyme stability, hydrogel crosslinking kinetics, cytocompatibility, and in vivo biocompatibility. State-of-the-art scaffolds and enzymes were used as controls for comparison. The strategy employed for making biopolymers cross-linkable with SA is identical to the traditional methodology described above for FXIIIa cross-linking. Biopolymers are first functionalized with vinylsulfones, and then peptides harboring a thiol functional group are conjugated by Michael addition. In the presence of the enzyme, polymers featuring the two SA recognition motifs, namely LPXTGX and GGGG, are cross-linked into a gel, as illustrated in Fig. 1 .
Materials and methods
Chemicals were purchased from Sigma and cell culture reagents from ThermoFisher/Invitrogen unless indicated otherwise.
Enzyme production
We used the plasmid including SA pentamutant (eSrtA) [24] in the expression vector pET29 kindly shared by Prof. David Liu through Addgene (#75144). Electrocompetent E. coli BL21(DE3) were transformed with the plasmid and a single colony with good protein expression was selected, expanded and frozen. For upscaled production, 12 ml LB-medium with 50 lg/ml kanamycin were inoculated and cultured at 37°C, 180 rpm overnight. Then two flasks with 500 ml of this medium were inoculated with 5 ml of the overnight culture each and incubated at 37°C, 180 rpm until OD 600 = 0.8. This was typically reached after 3h30min. The protein production was then induced by addition of 0.2 mM IPTG and left to proceed at 16°C for 22 h. The bacteria were pelleted by centrifugation and resuspended in either BugBuster master mix (BB, Merck 71456) for surfactant-based lysis or tris buffered saline (TBS, 50 mM Tris, 150 mM NaCl, pH 7.5) supplemented with 10 mM imidazole, 1 mg/ml lysozyme and 1 mM b-mercaptoethanol (bM) for mechanical lysis. The two methods tested for mechanical lysis were sonication (three 10 s bursts at 50% intensity on a Digital Sonifier 250, Branson, Danbury CT, USA) and vortexing with Zirconium beads (ZB, OPS diagnostics PFAW 100-100-26), according to the manufacturer's instructions. The cells were pre-incubated for 30 min in the lysozyme containing buffer on ice before the mechanical treatment. The surfactant-based lysis was only left to proceed for 30 min at room temperature with gentle shaking. Finally, the cell debris were pelleted by centrifugation (20000g for 30 min at 4°C) and the supernatant was collected for purification.
When comparing lysis methods, bacteria from the same culture were used in all conditions. In subsequent SA batches, only the surfactant-based lysis was used, and consistently gave similarly high yields.
Enzyme purification
The recovered lysate was filtered at 0.45 lm, and the SA was isolated using a His-Trap HP affinity column (GE Healthcare) mounted on a preparative HPLC (Agilent 1260 infinity). The eluent was TBS + 1 mM bM with 10 mM imidazole for 10 min, then a gradient from 10 to 250 mM imidazole over 30 min. The protein was re-concentrated at 4500 rcf and 4°C with Vivaspin centrifugal filters, 10 kDa molecular weight cut-off (MWCO). Subsequently, the endotoxin level was reduced using Pierce high capacity endotoxin removal spin columns (Thermo) according to the manufacturer's protocol. Finally, the protein was dialyzed against TBS + 1 mM bM at 4°C with a 1 kDa MWCO membrane, with 4 buffer changes over 6 h each.
The protein was diluted with an equal volume of TBS + 20% glycerol, and further diluted to adjust the concentration to 500 lM, using TBS + 10% glycerol. This final SA stock was filtered at 0.2 lm and stored at À80°C in small aliquots.
The SA concentration was quantified at each step from the area under the peak at 280 nm on analytical gel permeation chromatography (GPC) with an Agilent Aquagel 20 column, 7.8 Â 3 00 mm, with 5 lm particle size, using TBS 0.5 ml/min as the eluent.
The concentration of the final purified product was also confirmed using the OD 280 on a plate reader. We used the previously published value [33] of e 280 = 17420 M À1 cm À1 , and albumin was used as a control of correct instrument calibration.
Endotoxin activity measurements
Endotoxin induced TLR4 activation was measured using a HEK-Blue hTLR4 assay according to the manufacturer's instructions (InvivoGen, San Diego, CA, USA). HEK-hTLR4 cells express TLR4 and MD-2/CD14 co-receptor genes of human origin and contain a secreted embryonic alkaline phosphatase (SEAP) reporter gene for monitoring NF-jB activation. Upon recognition of a ligand, TLR4 dimerizes and transduces a signal which results in NF-jB activation and SEAP secretion, which can be quantified with a colorimetric assay (QUANTI-Blue; InvivoGen).
Briefly HEK-Blue hTLR4 cells were seeded at 2.5 Â 10 4 cells/well in 96-well microplates and maintained in Dulbecco's modified Eagle's medium (DMEM) with selective antibiotics, according to the manufacturer's protocol (InvivoGen). Cells were then stimulated for 24 h with a dilution series of SA or with purified LPS as a positive control (Invivogen tlrl-peklps). In parallel, the same conditions supplemented with CLI-095 (Invivogen, tlrl-cli95), a known TLR4 antagonist, were used to control the specificity of the effects.
Finally, SEAP mediated change of QUANTI-blue in the conditioned culture medium was measured with a plate reader (Synergy H1).
HA-TG and HA-SA synthesis
A detailed protocol for the synthesis of HA-TG was described previously [18, 19] with the FXIIIa substrate peptides Ac-FKGG-ERCG-NH 2 and NQEQVSPL-ERCG-NH 2 . HA-SA was synthesized using the exact same protocol, except the peptides were the SA substrate peptides GGGG-LERCL-NH 2 and GCRE-LPETGG-NH 2 (Ac-refers to acetylated N-terminus, -NH2 refers to amidated C-terminus). In short, 10% of the carboxylate groups of HA are substituted with 3,3 0 -dithiobis(propanoic dihydrazide) (DTPHY) using EDC chemistry. The disulfides are then reduced to thiols, which are reacted with an excess of divinylsulfone to yield HA-vinylsulfone. Finally, the peptides are added by Michael addition. All purifications are done by dialysis. In this work, the HA substitution with vinylsulfones was confirmed by NMR, as well as disappearance of the vinylsulfone peaks upon peptide conjugation, and the substitution ratio of the final HA-peptide conjugate was found to be of 9.6% ( Fig. S2 ).
Supplementary Figs. S1-S4 associated with this article can be found, in the online version, at https://doi.org/10.1016/j.actbio. 2018.07.020.
The peptides were synthesized with classical fmoc solid phase supported peptide synthesis on rink amide resin and purified with C18 HPLC. The traditional cassette GCRE in the peptides is used for conjugation to vinylsulfonated HA by Michael addition, using the thiol functionality on the side chain of the cysteine. The positively charged arginine neighboring the cysteine favors deprotonation and increases the reactivity of this thiol, as shown by Lutolf et al. [34] . This cassette is modified to the more hydrophobic variant LERCL for the G 4 containing peptide in order to prevent this small hydrophilic sequence from eluting with the injection peak on HPLC, which facilitates its purification and analysis. Peptide purity was confirmed by high performance liquid chromatography (HPLC) on an Agilent 1260 infinity instrument, using a Poroshell EC-C18, 2.7 lm bead size, 4.6 Â 100 mm column, with monitoring of the absorbance at 214 nm. Peptide identity was confirmed by electrospray ionization mass spectroscopy (ESI) on a Water instrument equipped with a single quadrupole detector SQ 2 (Fig. S1 ).
The HA substituted with the G 4 and LPXTG motifs were synthesized and stored separately, lyophilized at À20°C, then resuspended in TBS and combined in equal amounts to form a 1.5% (w/v) mix stock solution.
PEG-SA synthesis
4-arm-PEG-vinylsulfone was formed by reacting 4-arm-PEGthiol (20 kDa, LaysanBio) with 40 equivalents of divinylsulfone in triethanolamine buffer (300 mM, pH 8.0) for 30 min at room temperature, and purified by dialysis against ultrapure water, before lyophilizing for storage. Full conversion was confirmed by NMR.
4-arm-PEG-GGGG and 4-arm-PEG-LPXTG were formed by reacting 1.05 equivalents of the peptides GGGG-LERCL-NH 2 and GCRE-LPETGG-NH 2 (molarities of peptides stocks measured with the Ellman's assay) with 4-arm-PEG-vinylsulfone at 5% (w/v) for 1 h at 50°C in triethanolamine buffer, 300 mM, pH 7.5. The resulting PEG-peptide conjugates were used without further purification.
For PEG-SA gel formation, the 5% stocks of 4-arm-PEG-GGG and 4-arm-PEG-LPXTG were mixed in equal quantities, and supplemented with SA 500 lM stock, CaCl 2 100 mM stock, and TBS to achieve the concentrations reported (PEG 2%, SA 4-10-20 lM, CaCl 2 10 mM).
Rheometry and gelation kinetics
Gelation was monitored on an Anton Paar MCR 301 rheometer equipped with a 20 mm plate-plate geometry and metal floor, prewarmed to 37°C and with a humidified chamber. The storage and loss moduli were monitored at 1 Hz with 4% strain and 20 s steps, after introducing between the two plates the hydrogel precursors swiftly mixed. The measurements shown are with the same mix used for the cytocompatibility and in vivo tests i.e. 1% (w/v), as well as 0.25 and 0.5% showing tunability of the stiffness. Gelation using more than 2 lM of SA occurs too quickly for rheological monitoring, and the kinetics of gelation were therefore quantified manually. A timer was launched as the enzyme was added to the HA-SA stock (combined with TBS and CaCl 2 100 mM stock for final concentrations of 1% (w/v) HA-SA and 10 mM CaCl 2 ), and the solution was pipetted slowly up and down until it suddenly sets into a gel which clogs the pipette, which was defined as the gelation time. The measurement was repeated three times for each condition. Gelation times for HA-SA were compared to that of HA-TG with varying amounts of FXIIIa (in TBS pH 7.6 and with 50 mM CaCl 2 ).
Enzyme stability
Enzyme stocks, tested for normal gelling kinetics upon fresh unfreezing, were tested again after 24 h at room temperature by testing the gelling time obtained with FXIIIa 20 U/ml and SA 2 lM. The remaining enzymatic activity was inferred from the gelation time obtained, using the gelation time vs activity curve previously constructed.
Microstructure imaging
HA-SA formed with 1% (w/v) polymer content and 2 lM SA was stained on amino groups with 1% (w/v) FITC in carbonate buffer, 100 mM, pH 9.5 for 1 h 30. The gel was then washed with PBS for 24 h with frequent buffer changes. The microstructured was imaged on a Leica SP8 microscope with a 64Â Oil objective, and deconvolved with Huygens with a point spread function estimated from the imaging parameters using the Leica-Huygens link.
HA-TG was formed with 1% (w/v) polymer content and 20 U/ml FXIIIa in the presence of 200 lM of a fluorescein tagged NQEQVSPLERCG-NH2 peptide. The resulting gel was washed with TBS and PBS and imaged in the same conditions. The tagged peptide was formed by reacting 1 equivalent of fluorescein-5-maleimide (Thermo) with 10 mg of NQEQVSPLERCG-NH2 (purchased from Anawa) for 5 min in 2 ml of triethanolamine buffer (150 mM, pH8.0) followed by hydrolysis of the maleimide ring to prevent retro-Michael addition by treatment with NaOH pH 10 overnight. The conjugation and hydrolysis were monitored by HPLC. The product was purified by dialysis against ultrapure water, and the identity of the final peptide-fluorescein conjugate was confirmed by matrix assisted laser desorption and ionization mass spectrometry (MALDI). Expected molecular mass (with hydrolyzed maleimide ring and one proton): 1805.99. Mass found: 1805.918.
Cytocompatibility with cell encapsulation
Human chondroprogenitor cells (hCC) were cultured as described previously [18] . For encapsulation, the cells were pelleted and resuspended at 5e6 cells/ml in TBS with 1% (w/v) HA-SA, 10 mM CaCl 2 and 2 lm SA from concentrated stocks. The precursor mix was cast in 4 mm diameter PDMS rings adhered on coverslips. Cross-linking was left to proceed for 8 min before covering with DMEM + 10% FBS. The viability before encapsulation was measured by trypan blue exclusion on a Countess device (Thermo). The viability 24 h after encapsulation was measured with calcein-AM (live cells cytoplasm green), Hoechst (all cells nuclei blue) and propidium iodide (PI, dead cells nuclei red), imaged with a Zeiss observer widefield microscope on two volumes of 1.4 Â 1 Â 0.1 mm 3 in each gel on 4 independent gels, followed by manual counting in Image J. The viability 12 days after encapsulation was measured from calcein-AM and Hoechst imaged on a Leica SP8 multiphoton microscope.
MTS assay
Human embryonic kidney cells were seeded at 10,000 cells/cm 2 in a 24-well plate. In the positive control, the cells were cultured with 500 ll of DMEM + 10% fetal bovine serum (FBS) per well for 4 days. In the vehicle control, 10% of the medium was replaced by TBS for the whole culture period. In the HA-SA conditions, 10% of the medium was replaced with 1.5% HA-GGGG or 1.5% HA-LPXTG stocks in TBS, and 4 lM of SA from the 500 lM stock were added, also kept for the whole culture period. For the final MTS assay (abcam), the medium was replaced by phenol-red free DMEM supplemented with 10% of the commercial MTS reagent solution, before returning the plate to the incubator for 1 h, and finally measuring the absorbance on a plate reader.
Statistical analysis was done with one-way ANOVA with Matlab (ANOVA p value 2.2e-9) with Tukey's post-hoc testing.
Subcutaneous implantations
In vivo trials were approved by the Zürich Veterinary Office and performed according to animal welfare regulations and guidelines (License ZH189/2014). Cell-free HA-SA gels (1% (w/v) with 2 lM SA) of 8 mm diameter Â 1.5 mm height and control patches of the clinical collagen scaffolds CG of the same dimensions were implanted in subcutaneous pockets of female C57BL/6 mice. Analgesia with 2 mg/kg subcutaneous Metacam was provided 30 min before surgery. Isoflurane was used for anesthesia. The experiments included three animals per condition, with two lumbar implantation sites per animal, for a total of 6 scaffolds per condition. The animals were monitored daily for 7 days, and no occurrence of weight loss, redness or swelling was found. Sacrifice was performed two weeks after implantation and at this time, blood for analysis of inflammatory markers was collected by cardiac puncture.
Serum inflammation marker measurements
Mouse blood serum was prepared by clotting the whole blood (%150-300 ll) for 30 min at RT followed by centrifugation at 10,000 rpm for 10 min at RT. The supernatant was then collected and frozen at À80°C until further analysis.
The serum concentrations of the interleukins IL-1b, IL-4, IL-6, and IL-10 as well as the cytokine TNF-a were quantified with the multiplex immunoassay technology xMAP on a MAGPIX instrument (Luminex, Austin, TX, USA), according to manufacturer's instructions. The mouse serum was diluted 1:3 in the serum compatible ''Universal Assay Buffer", and the measurements were performed with a custom designed multiplex assay kit (IL-1b -EPX01A-26002-901; IL-4 -EPX01A-20613-901; IL-6 -EPX01A-20603-901; IL-10 -EPX01A-20614-901; TNF-a -EPX01A-20607-901, Pro-cartaPlex assays; ThermoFisher). Protein levels were measured in technical duplicate for each of the 6 animals from 100 ll of the diluted serum. The calibration was performed using a serial dilution of the standard mix provided with the multiplex kit. The data was then fitted using a four-parameter logistic regression model. The quantification of the lower limit of detection (LOD) using this system was 2.7, 0.6, 0.6, 1.8 and 4.8 pg/ml for IL-10, IL-1b, IL-4, IL-6 and TNFa, respectively.
Immunohistochemistry
The scaffolds were explanted after two weeks, when possible together with the overlying skin tissue. They were fixed overnight with 10% formalin in PBS, and then incubated for 2 days in 30% sucrose. They were then transferred in Tissue-Tek optimal cutting temperature compound and frozen on dry ice. Cryosections at 50 lm thickness were collected. The sections were permeabilized with 0.3% triton-X 100 in TBS for 30 min, then blocked with 5% goat serum + 1% BSA for 1 h. Rabbit polyclonal anti CD-68 antibody (ab125212) was incubated at 1:200 in blocking solution overnight at room temperature, washed three times with TBS, and an HRP conjugated goat anti-rabbit secondary (ab6721) was used at 1:500 for 2 h at RT. 3,3 0 -Diaminobenzidine (DAB) with DAB enhancer (abcam) was used as a chromogen. The samples were counterstained with Hematoxylin (Richard-Allan, 3 min. Destain EtOH: H 2 O:HCl 28:12:0.12 1 min. Blued 0.1% Na 2 CO 3 1 min) and mounted with Eukitt quick hardening mounting medium. Imaging was done on a Zeiss Observer with a 5x tile-scan (overview) and a 10x extended focus scan (close-ups).
Results and discussion

Enzyme production
The SA pentamutant [24] (kindly shared by Chen Dorr and Liu on Addgene) was used due to its improved catalytic activity compared to the wild type SA. Purified protein yields of 40 mg/l of bacterial culture have been reported previously using French press lysis [20] , which is an expensive equipment and needs experience to operate efficiently. Instead, we investigated traditional sonication (SN), lysis by vortexing with zirconium beads (ZB), and chemical lysis with a commercial mix of surfactants and enzymes (BugBuster, BB), and the combination of BB + ZB. In all cases, the crude bacterial extracts already consisted primarily of SA ( Fig. 2A ), but after purification using the His-tag and a nickel column, BB based conditions clearly stood out with yields of around 160 mg of purified SA per liter of bacterial culture (Fig. 2B ). Combination of ZB with BB reduced the yield (probably by damaging proteins with heat and friction) rather than increasing it. It is particularly interesting that the BB method does not require any dedicated instrumentation and is fast and easy to handle even with no prior experience, making the SA production in high yields available to any lab.
One new concern that arises with the SA compared to FXIIIa is that bacterial production leaves endotoxin contamination in the protein, which can trigger inflammation or alter cell behavior. We confirmed that protein produced with no endotoxin removal step (SA-NER) contained enough endotoxins to trigger a plateau in the activity of NF-jB in TLR4 expressing HEK cells at every dilution tested from 50 to 4050 fold (Fig. 2C) . We therefore postpurified the protein with endotoxin removal resin. The recovered protein (SA) still contained some endotoxin, but at a stock dilution of 450 (1.1 lM, close to the 2 lM used in most applications) the level of TLR4 activation was found to correspond to a purified lipopolysaccharide (LPS) content of around 0.5 ng/ml, which in endotoxin units (EU) corresponds to 0.5 EU/ml for the LPS strain we used. Since the US Food and Drug Administration (FDA) sets the limit to 0.5 EU/ml in eluates from medical devices soaked for 1 h in endotoxin-free water [25] , the endotoxin content we obtained in our gels would satisfy FDA requirements (the concentrations in eluates from the gel can only be lower than the initial concentration in the gel itself). For particularly sensitive applications such as 3D cultures of immune cells, the post-purification could be repeated to further reduce the endotoxin level.
Hydrogel formation
Gelation speed can be particularly important for in vivo or clinical usage of a hydrogel/sealant/glue. When the gels must crosslink in a wet environment, such as in the presence of bleeding or in a fluid filled cavity, near instantaneous gelation is a strong advantage. Fast gelation, traditionally of alginate in the presence of calcium or from thermo-responsive gels, has also been exploited in various implementations of bioprinting. The possibility to tune the gelation speed to around 30 s, which was already offered by transglutaminase cross-linkable hyaluronan and FXIIIa, is also ideal for 3D cell culture applications, since this is the best time to enable easy handling and casting but prevent cell sedimentation.
We therefore studied the gelation kinetics for HA gels crosslinked with SA, denoted HA-SA (which includes the two components HA-LPXTG and HA-GGGG) and compared them with the kinetics of FXIIIa cross-linked HA gels, denoted HA-TG, used as a state-of-the-art reference (Fig. 3A) . The maximum enzyme concentrations tested were limited by the concentration of the stock solutions. Interestingly, we found that gelation speed with FXIIIa reached a plateau of %30 s, corresponding to %20-30 U/ml FXIIIa. Such saturation does not occur with SA which shows linear kinetics (i.e. doubling the amount of enzyme halves the gelation time) up until a gelation time lower than one second. This enables gelation to be performed in challenging environments with instant setting after injection from a double-barrel syringe. We demonstrated it by forming 0.75% gels directly under water (Fig. 3F) .
Enzyme stability is also an interesting property, enabling better reproducibility and easier handling, which is ultimately also associated with lower costs in a clinical setup. Stability in solution is also essential for high content screening applications where the stock solutions are loaded in spotting robots which then work autonomously. It was therefore a great surprise to find that unlike FXIIIa, which loses roughly half of its activity over 24 h, SA could be kept in solution at room temperature without any loss of activity (Fig. 3B) .
We also monitored the gelation of HA-SA on a rheometer using the same concentrations of polymer and enzyme as used for gel casting (i.e. 1% (w/v) HA-SA, 10 mM CaCl 2 , 2 lM SA, in tris buffered saline (TBS) pH 7.5 which conveniently sets in %30 s). The overall gelation profile was remarkably reproducible (Fig. 3C) , and looked similar to what is generally obtained with other cross-linking methods. The stiffness reached after completion of the cross-linking, approximately 100 Pa (115 ± 9, SD n = 4), is typical for hydrogels for 3D cell culture applications, and is in particular in the same range as other gels used for cell cultures [26] such as fibrin (3-6 mg/ml, 100-200 Pa), Matrigel (%100 Pa), collagen gels (%200 Pa), or soft polyethylene glycol (PEG) gels (100-500 Pa, e.g. [27] ). 70% of the final stiffness was reached after 8 min, which gives a good indication of the time that the gels might be left to cross-link before transferring 3D cultures to medium. The strain and frequency response of 1% HA-SA gels were measured as well ( Fig. S3 ) and confirmed the parameters used for gel monitoring are well within the linear viscoelastic range of the material. We also verified the classical result that changes in macromer concentration enables tuning of the mechanical properties: rheometry for gels containing 0.25% (close to the lowest stable hydrogels, similar to the situation with HA-TG [19] ) and 0.5% macromer (soft gels typically used for neuronal cells [19] ) are shown in Fig. 3C .
Due to the very high molecular weight of the HA used (1.6 MDa), hydrogels with macromer concentrations higher than 1% (w/v) were too viscous to be handled easily, and were not demonstrated. It is a classical result that high molecular weight polymer are geared towards low polymer content and low stiffness hydrogels, and not a particularity of the cross-linking scheme.
In order to validate that the cross-linking results were not a particularity linked to the use of HA as a model polymer, we also demonstrated gel formation from 4-arm-polyethylene glycol (PEG) hydrogels, end-functionalized with the LPXTG and GGGG motifs. Rheological measurements (Fig. 3D ), for the 2% (w/v) PEG content (%200 Pa) typically used for cell culture applications, showed that fast gelation with small amounts of SA, and tuning of the gelation time with SA concentration, could also be achieved. The concentration of SA needed for a given gelling time was nevertheless higher for PEG gels (roughly 10Â, with 30 s gelling achieved at SA %20 lM), which is expected given the low molecular weight (20 kDa) of the polymer and the low number of functional groups (4) per building block compared to the HA gels.
It is noteworthy that in the only previous report of SA-mediated hydrogel cross-linking [23] that exists to our knowledge, enzyme concentrations needed to be orders of magnitude higher (600 lM for gelation in 90 s) than what is used in the protein field (around 10 lM), which seemed to be a major limitation. One difference in this previous work is that the LPXTG peptides used did not include an additional N-terminal glycine, but we found that this was not inducing any difference in our system ( Fig. S4 ) and could not explain the differences of kinetics obtained. Enzyme concentrations of several hundred micromolars would make it nearly impossible to upscale the SA cross-linking system or target in vivo applications, we nevertheless show that cross-linking can be made very efficient, which is opening a completely different array of possibilities.
Finally, the microstructure of HA-TG 1% and HA-SA 1% was estimated using fluorescein-tagged hydrogels and confocal microscopy. A mesh with a typical size of %200 nm could be distinguished in both cases, with a very similar morphology. The resolution limit of light microscopy is a major limitation to the quality of the data in this case, but sample preparation for electron microscopy (EM) or cryo-EM would need dehydration or freezing, which could affect the positioning of these flexible hydrophilic soluble polymer chains more dramatically. Overall, the microstructure of the hydrogels does not seem to be affected by the difference in cross-linking chemistry, as is expected since both enzymes create step-growth polymerization with a very similar mechanism.
Cytocompatibility
Since human chondroprogenitor cells (hCCs) were already shown to thrive in HA gels [18] , we chose to use them to test the cytocompatibility of HA-SA, reasoning that any loss of viability would be due to the change in cross-linking chemistry. We measured the viability 24 h and 12 days after encapsulation. Representative images (maximum intensity projections) are shown in Fig. 4A . We found the viabilities one day and 12 days post-encapsulation to be similar to the viability before encapsulation, all slightly above 90% (Fig. 4D) .
These 3D cell cultures were also used to test if the HA-SA hydrogels retained sensitivity to hyaluronidase (HAse) degradation. We found that upon treatment with 1 mg/ml HAse in PBS for 2 h, the gels were entirely degraded. The cells which are initially scattered as single cells collapsed into loose cell aggregates upon treatment (Fig. 4B) .
The 3D cultures are not the best situation to distinguish small effects on cell proliferation or metabolic activity, because cells might switch to a non-proliferative or low-proliferative state in 3D cultures, and subtle changes in physical properties of the scaffolds can have major effects on the cell proliferation. We therefore conducted an additional cytotoxicity assay using fast-proliferating human embryonic kidney (HEK) cells in 2D culture. The cells were seeded at very low density and left to proliferate for 4 days in the presence of HA-LPTXG or HA-GGGG as well as 4 lM SA. The cells were around 75% confluent at the end of the proliferation time, and their metabolic activity (which reflects cell number x cell health) was then measured with an MTS assay ( Fig. 4C ). We found that the cells cultured in the presence of HA-peptide derivatives and SA had the same vitality as the cells grown in the medium + delivery vehicle (10% TBS).
Biocompatibility in vivo
We had particular concerns about immunogenicity, since SA is a bacterial enzyme and produced in bacteria. We therefore checked for adverse reactions to SA in typical usage concentrations by implanting in mice subcutaneous cell-free HA-SA scaffolds of 8 mm diameter freshly formed with 2 lM SA. The collagen scaffold Chondro-Gide (CG), which is a clinical product, was used as a reference. We assessed the intensity of the foreign body response, which describes the non-specific immune response to implanted foreign materials, two weeks after subcutaneous implantation. days in 2D from low density to 70% confluence in the presence of the HA-SA gel components and controls. Both proliferation and metabolic activity need to be unaffected to reach the activity level of positive controls. Cells treated with 70% ethanol before the assay are used as a negative control, and all data is normalized to the controls (positive = 100% negative = 0%). There is no significant difference between the HA-SA components and the vehicle used to introduce them (p = 0.98-0.99). (D) Quantifications of the hCC viability before encapsulation (D0), and 1 and 12 days after encapsulation (D1, D12). SD n = 4.
In the general development of the response, the initial acute phase is resolved a few days after implantation [28] . It was therefore not studied at our timepoint.
In a second stage, one to three weeks after implantation, chronic inflammatory response follows [29] . The latter is associated with macrophage recruitment [30] and inflammatory cytokine secretion. We therefore quantified recruitment of CD68+ macrophages to the periphery of the implanted scaffolds, and found comparable cell densities around the HA-SA and CG reference ( Fig. 5A-E) . Upon recruitment, macrophages may polarize to an M1 ''activated" phenotype depending on the pyrogen content (e.g. endotoxins) as well as the material's chemical, biophysical and mechanical properties. Once in M1 phenotype, macrophages secrete pro-inflammatory cytokines such IL-1b, IL-6 and TNFa which contribute to the recruitment of more macrophages. Using a multiplex assay to quantify the serum levels of various chronic inflammatory cytokines in the serum, we found that the levels of IL-1b, IL-6 and TNFa in the HA-SA group were comparable to the CG reference group (Fig. 5F) . Extensive characterization and validation of this multiplexed assay for the analysis of serum cytokines has been done in previous studies, and cytokine levels in a variety of control and inflammatory conditions have been reported as well [31, 32] . Interestingly, the values we obtained in both groups were similar to previously reported values in animals either untreated or implanted with a control saline-injecting mini-pump. Overall, the low systemic pro-inflammatory secretion levels by M1 macrophages and other immune cells, seem to indicate the materials are well tolerated.
Upon resolution of the chronic inflammatory response, a granulation phase follows, where typically macrophages switch polarization to the M2 phenotype and secrete anti-inflammatory molecules such as IL-4 and IL-10 which aid in the recruitment of tissue repair cells e.g. fibroblasts. We also found low levels of IL-4 and IL-10 in both groups, which is expected given the earlier timepoint studied.
Conclusion
In summary, we have found that SA fulfilled all the conditions to be an excellent cross-linking enzyme for tissue engineering applications. It provides unmatched kinetics for hydrogel formation, good enzyme stability, and can be produced in large amounts in the lab without any special equipment or training. Most importantly, it is also cytocompatible and does not trigger an adverse inflammatory reaction in vivo. These properties make SA crosslinked hydrogels attractive for a wide range of applications including large scale 3D screening platforms, bioprinting and in situ cross-linking in challenging surgical environments. 
